Pleomorphic invasive lobular carcinoma (PILC) is an aggressive variant of invasive lobular breast cancer that is associated with poor clinical outcomes. Limited molecular data are available to explain the mechanistic basis for PILC behavior. To address this issue, targeted sequencing was performed to identify molecular alterations that define PILC. This sequencing analysis identified genes that distinguish PILC from classic ILC and invasive ductal carcinoma by the incidence of their genomic changes. In particular, insulin receptor substrate 2 (IRS2) is recurrently mutated in PILC, and pathway analysis reveals a role for the insulin receptor (IR)/insulin-like growth factor-1 receptor (IGF1R)/IRS2 signaling pathway in PILC. IRS2 mutations identified in PILC enhance invasion, revealing a role for this signaling adaptor in the aggressive nature of PILC.
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Introduction
Invasive breast cancer is a heterogenous disease, with the majority of tumors diagnosed as either invasive ductal carcinoma (IDC; ~80%) or invasive lobular carcinoma (ILC; ~8-14%). Pleomorphic ILC (PILC) is a relatively recent, formally recognized variant of invasive lobular breast cancer that represents approximately 10% of lobular tumors (1) . PILC shares histologic and molecular hallmarks with classic ILC (CILC), particularly its distinctive infiltrative growth pattern, lack of E-cadherin expression, and common chromosomal alterations (1) (2) (3) . However, PILC differs from CILC in its greater degree of cellular atypia and nuclear pleomorphism, which is more similar to high-grade IDC. Molecular prognostic features of PILC also distinguish this lesion from CILC. Specifically, PILC tends to be ER/PR negative and HER2 positive more frequently than CILC (3, 4) . PILC typically presents at advanced stages and is associated with larger tumor size, greater presence of lymphovascular invasion, more frequent regional axillary lymph node involvement, and a higher rate of distant metastasis when compared with CILC (1). These poor prognostic factors translate into reduced clinical outcomes with short relapse times, a higher risk of recurrence, and decreased overall survival (5) . A tendency toward lower complete response rates of ILC to adjuvant chemotherapy has been observed when compared with IDC (4). However, given the relatively recent clinical recognition of PILC, response data from independent studies on PILC are lacking. A greater understanding of PILC biology is needed to explain its more aggressive behavior and to determine optimal clinical management.
The aim of this study was to establish a molecular profile of pleomorphic lobular carcinoma that could inform the mechanistic basis of this breast cancer variant. Our data identify gain-of-function IRS2 mutations that reveal a role for the insulin/IGF-1 signaling pathway in PILC and its potential to facilitate the invasive nature of these tumors.
Results
Identification of recurrently mutated genes in PILC. PILC tumors ( Figure 1 , A and B) and their paired normal tissues were subjected to targeted exome sequencing across the protein-coding exons and flanking splice sites of the Beijing Genomics Institute TumorCare gene panel. The clinicopathological features of the data set are presented in Table 1 . The TumorCare gene panel includes 1,053 genes that were selected based upon previous reports of being clinically actionable cancer genes, harboring high frequency alterations in the Catalog of Somatic Mutations in Cancer (COSMIC) database (6), or playing a key role in pathways Pleomorphic invasive lobular carcinoma (PILC) is an aggressive variant of invasive lobular breast cancer that is associated with poor clinical outcomes. Limited molecular data are available to explain the mechanistic basis for PILC behavior. To address this issue, targeted sequencing was performed to identify molecular alterations that define PILC. This sequencing analysis identified genes that distinguish PILC from classic ILC and invasive ductal carcinoma by the incidence of their genomic changes. In particular, insulin receptor substrate 2 (IRS2) is recurrently mutated in PILC, and pathway analysis reveals a role for the insulin receptor (IR)/insulin-like growth factor-1 receptor (IGF1R)/IRS2 signaling pathway in PILC. IRS2 mutations identified in PILC enhance invasion, revealing a role for this signaling adaptor in the aggressive nature of PILC. Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97398DS1). Total somatic mutation events and copy number variations (CNVs) for each sample are shown in Figure  1 , D and E, respectively. There was no strong positive correlation between the total number of molecular alterations in each sample and the depth of coverage ( Figure 1F ). The somatic mutations and CNVs that occurred in PILC are provided in Supplemental Tables 2 and 3, respectively.
associated with cancer (Supplemental
To identify genes that are functionally important for PILC, a filtered data set of molecular alterations that met specific criteria was established that included (a) all nonsense, indel, and splice-site mutations; (b) copy number gains and losses; (c) missense mutations present in the COSMIC v77 database; and (d) novel missense mutations not present in COSMIC that were predicted to have protein-altering functional consequences by comprehensive computational prediction tools (Supplemental Table 4 ). Based upon these criteria, a total of 798 functional somatic mutation events were identified in 426 genes, with an average of 46.9 protein-altering mutations (range of 9-137) per sample ( Figure 1G ). Genes that were recurrently mutated in PILC (≥4 samples) are shown in Figure 1H .
IDC and ILC have distinct histological characteristics and clinical outcomes, and molecular alterations that distinguish these breast cancer variants have been identified (7) (8) (9) . Comparison of our data with published comprehensive genomic studies of ILC and IDC revealed that PILC and ILC share many of the significant alterations that are associated with ILC and confirmed molecular differences that distinguish ILC from IDC (7-9) ( Figure 2 , A and B, and Supplemental Table 5 ). PIK3CA, the catalytic subunit of PI3K (10) , was mutated at a high frequency ( Figure 1H ), with known gainof-function missense mutations in 9 of 17 (53%) of the PILC samples ( Figure 2C ). Loss of E-cadherin expression is a defining hallmark of lobular neoplasias (2), and negative E-cadherin staining was confirmed for all PILC samples ( Figure 1C ). CDH1, which encodes for E-cadherin, was altered in 10 of 17 (59%) of the PILC samples ( Figure 1H ), a mutation frequency similar to that reported previously for ILC ( Figure  2B and Supplemental Table 5 ) (7-9). All of the CDH1 mutations were either frameshift indels or nonsense mutations that would be predicted to result in loss of protein expression ( Figure 2C ). Additional genes with similar mutation frequencies in PILC and ILC, and that distinguish ILC from IDC, include TP53, RUNX1, GATA3, TBX3, and MYC ( Figure 2 , A and B).
Molecular alterations that distinguish PILC from ILC were identified in our study ( Figure 2B ). Amplification or mutation of both HER2 (also known as ERBB2) and HER3 (also known as ERBB3) occurred more frequently in PILC than in ILC ( Figure 2B and Supplemental Table 5 ). Several additional genes were mutated at a markedly higher frequency in our PILC cohort when compared with ILC, and they represent PILC-associated molecular alterations. These genes include KMT2C, MAP3K1, IRS2, NCOR1, NF1, and TBX3 (Figure 2B ). The incidence of PTEN molecular alterations may also distinguish PILC from ILC. Although the frequency of PTEN mutations reported for ILC varies among published studies (1.4%-13%) (Supplemental Table 5 ), molecular alterations were not identified in either our study or a previous whole-exome sequencing (WES) analysis of 8 PILC tumors (11) . In support of a selective association of PTEN loss with CILC, mice with combined loss of Cdh1 and Pten develop mammary tumors that model human CILC (12) . Of the recurrently mutated genes identified in our study, only TP53, CDH1, and PI3KCA were reported in the previous PILC WES (Supplemental Table 5 ) (11) . The mutation detection differences in our studies likely reflect both the greater depth of coverage provided by our targeted sequencing and the higher tumor content of our samples (>60% vs. 30%).
The IRS2 signaling pathway is associated with PILC. To identify genes and pathways that drive the more aggressive nature of PILC tumors, we analyzed our somatic mutation data using MUtations For Functional Impact on Network Neighbors (MUFFINN) (13) . This program integrates mutational data for individual genes and their network neighbors to predict functional impact. Of relevance for our study, MUFFINN shows high sensitivity for small sample sizes. We analyzed our data using the direct-neighbor max approach A Values are shown, with percentages provided parenthetically, except when values are shown as mean ± SD. B ER, estrogen receptor; C PR, progesterone receptor; HER2, human epidermal growth factor receptor 2. D By IHC and FISH.
with the HumanNet gene network (13) . Prediction scores generated by this analysis range from 0 to 1, with a larger value indicating higher significance. Scores are indicated in the left column of the Oncoprint plot in Figure 1H , and the top 10 genes predicted to contribute to PILC are shown in Table 2 . PIK3CA and CDH1, genes known to play an important role in breast cancer and ILC, respectively, were assigned the highest predictive scores. IRS2 was ranked third, with genes encoding its upstream receptors insulin-like growth factor-1 receptor (IGF1R) and IR (encoded by INSR), also ranked within the top 10 genes ( Figure 2C ). Network analysis for IRS2 revealed additional molecular alterations in both upstream regulators and downstream effectors of IRS2 that support a role for this signaling adaptor in PILC ( Figure 2D ). The importance of the IRS2 signaling pathway in PILC was further emphasized by the outcomes of an analysis of the somatic mutation data using the Reactome database to identify biological pathways that are significantly enriched for mutations in PILC ( Figure 2E ) (14) . The top hit for this analysis was "IRS-related events triggered by IGF1R," and "Insulin receptor signaling cascade" was also a significantly altered pathway. Additional pathways that were identified by the Reactome analysis and that also scored highly by MUFFINN analysis included "PI3K/AKT signaling in cancer" and "PI3K events in ERBB2 signaling." When downstream PI3K effectors are also considered, components of the IR/IGF1R/IRS2/ PI3K signaling pathway were mutated in 15 of 17 (88%) PILC tumors. Of note, PYGM, a gene involved in glycogen metabolism, was previously identified as a frequently mutated gene in PILC (11) . PYGM was not present in the TumorCare panel and therefore was not identified in our study. However, PGYM is regulated downstream of IR/IGF1R/IRS2/PI3K signaling, and its mutation provides further evidence for the importance of this pathway in the biology of PILC (15) .
IRS2 mutations enhance PILC invasion. The identification of somatic mutations in IRS2 in 29% of PILC samples is the first report of recurrent IRS2 mutation in any subtype of breast cancer to our knowledge. IRS2 is an adaptor protein for the insulin and IGF-1 receptors, and it mediates their activation of PI3K and MAPK signaling (16) . IRS2 mutations are distributed throughout the protein ( Figure 3A) , as has been observed in other cancer types (17) , and this likely reflects the multisite docking function of this adaptor protein. With the exception of the missense V1299I mutation, which is present in the COSMIC database, the remaining IRS2 mutations are novel missense mutations. We assessed the expression of IRS2 in our data set of PILC tumors by IHC staining. All PILC tumors were positive for IRS2 expression, which varied in expression level across the 17 tumors ( Figure 3B ). In a previous study, we identified three staining patterns for IRS2 in breast cancer. IRS2 was present at the cell membrane, diffusely cytoplasmic, or in a diffuse, cytoplasmic punctate pattern (18) . We observed predominantly a punctate cytoplasmic staining pattern for IRS2 in PILC.
A critical issue that arises from our data is whether the IRS2 mutations we identified are function altering. Tumor cell functions that are regulated by IRS2 include glucose uptake, migration, and invasion (16) . We initially investigated the effect of IRS2 mutations on invasion because PILC tumors have a high incidence of lymphovascular invasion and lymph node metastasis (1) . To investigate if IRS2 mutations enhance invasive potential, WT-IRS2 and individual IRS2 mutants were initially expressed in either SUM-159:IRS1 -/-,IRS2 -/human breast carcinoma cells ( Figure 4A) or PyMT:Irs1 -/-,Irs2 -/mouse mammary tumor cells ( Figure 4G ) (19) . Both of these cell lines are dependent upon IRS2 for invasion and their lack of IRS2 expression permits analysis of the IRS2 mutations without a background of endogenous expression. Cells were embedded within a Matrigel/collagen I gel that mimics the tumor matrix microenvironment (20) . Cells with limited invasion capacity or noninvasive cells grow as spherical colonies, and invasive cells form protrusions into the surrounding matrix. Invasive potential is monitored by the extent and distance of cell branching from the colonies ( Figure 4B ). Cells expressing vector alone (pCDH or pcDNA) grew predominantly as spheroids, with minimal invasive branching, and expression of WT-IRS2 increased invasion significantly (Figure 4 , C and H). When compared with WT-IRS2, 3 of the IRS2 mutants (S506G, A698T, and S1103L) stimulated a marked and significant increase in the percentage of colonies with extensive invasive branching (Figure 4 , C and H) and the distance that these branches invaded into the matrix (Figure 4 , D and I). Representative images for each cell line are shown below the graphs.
Contrary to the IRS2-dependent increase in invasion, cell migration was not significantly enhanced by WT-IRS2 expression. Furthermore, no additional significant increases in migration were observed for any of the IRS2 mutants ( Figure 4E ). Glucose uptake was significantly increased by WT-IRS2 expression; however, the IRS2 mutants did not further enhance uptake above WT-IRS2 levels ( Figure 4F ). Taken together, these results indicate a selective role for PILC IRS2 mutations in the regulation of invasion.
We next validated the impact of IRS2 mutations on invasion using a pleomorphic lobular carcinoma model. Mice with E-cadherin and p53 inactivation in the mammary epithelium develop invasive, metastatic tumors that phenocopy human PILC in both primary tumor histology and metastatic dissemination patterns (21) . The KEP 1.11 murine PILC cell line derived from these tumors expresses endogenous Irs2 ( Figure  5A ), and the invasive potential of these cells is significantly reduced upon shRNA-mediated suppression of Irs2 expression ( Figure 5B ). This Irs2-mediated invasion is dependent upon upstream receptor activation, as the IR/IGF1R small-molecule inhibitor BMS-754807 blocked invasive branching without effecting colony number ( Figure 5, C and D) . WT-IRS2 and the IRS2 mutants were expressed in these cells, and the cells were assayed for their ability to invade ( Figure 5E ). A 2-fold increase in the extent of invasive branching was observed upon expression of exogenous WT-IRS2 ( Figure 5F ). Moreover, the 3 IRS2 mutants (S506G, A698T, and S1103L) that enhanced invasion in SUM-159 and PyMT cells stimulated a significant increase in the percentage of colonies with extensive invasive branching ( Figure 5F ) and an increase in the distance these branches invaded into the matrix ( Figure 5G ) when compared with WT-IRS2. Neither migration nor glucose uptake were altered by expression of the IRS2 mutants in the PILC cells ( Figure 5, H and I) , substantiating the selective role of these mutations in regulating invasion.
Discussion
We have characterized molecular alterations in PILC that provide insight into the aggressive behavior of this lobular breast cancer variant. Targeted sequencing analysis identified genes that are recurrently mutated in PILC and revealed that PILC is more similar to CILC than to IDC. Specifically, the frequency of molecular alterations in genes that have been reported to discriminate between lobular and ductal carcinoma, including TP53, MYC, GATA3, FOXA1, CDH1, and TBX3, was more similar to the frequency reported for ILC than that for IDC. Recurrent molecular alterations were also identified that distinguish PILC from CILC. Most notably, IRS2, which encodes the IRS2 adaptor protein that mediates signaling downstream , wild-type human IRS2 (WT), or the IRS2 mutants identified in PILC. Cells grown in a Matrigel/collagen I gel were scored for (H) the extent of invasion (mean ± SD, n = 12 wells from 5 independent experiments) or (I) the distance of invasive branching (mean ± SD, n = 50 colonies from 1 of 3 representative experiments). Representative images for each cell line are shown. Student's t test was performed between vector (pCDH or pcDNA) and WT-IRS2, and 1-way ANOVA with Bonferroni post hoc testing was performed between WT-IRS2 and IRS2 mutants. *P < 0.05, relative to pCDH; ***P < 0.001, relative to pcDNA; # P < 0.05, ## P < 0.01, ### P < 0.001, relative to WT-IRS2. Scale bar: 20 μm.
of the insulin and IGF-1 receptors, is recurrently mutated in PILC. Pathway analysis revealed an important role for the IR/IGFIR/IRS2 signaling pathway in PILC. We validated this analysis by demonstrating that the IRS2 mutations identified in PILC enhance invasion, supporting a contribution of this signaling adaptor to the aggressive behavior of PILC. IRS2 mutations have not been detected previously in breast cancer. However, somatic molecular alterations of IRS2 have been reported for other cancer types (22) (23) (24) (25) (26) (27) (28) . Specifically, amplification of IRS2 was first demonstrated in a study of colorectal cancer (CRC) that investigated molecular alterations in the PI3K signaling pathway, and this amplification was shown in a later study to be mutually exclusive, with both mutations in PIK3CA and IGF2 overexpression (22, 25) . IRS2 copy number gains were also reported in an analysis of 3,131 cancers across 26 histological cancer types (24) and in small cell lung cancer (28) . In more recent genome sequencing studies, IRS2 somatic mutations were identified in CRC as well, although the consequences of these alterations on tumor cell function were not directly investigated (26) . Importantly, we identified a selective gain-of-function role for the PILC mutations in the promotion of invasion.
We have previously demonstrated that metastasis is significantly impaired in mouse mammary tumor models in the absence of Irs2 and enhanced in tumor cells that have increased Irs2 expression and activation (29, 30) . Our current data reveal that the mutations found in PILC selectively enhance invasion and do not increase migration or glucose uptake. The ability of these mutations to enhance tumor cell invasion highlights a mechanism that could contribute to the high incidence of both regional and distant metastasis associated with PILC. An important question is how do the PILC mutations facilitate the ability of IRS2 to regulate invasion? The IRS adaptor proteins are recruited through N-terminal PH and PTB domains to activated insulin and IGF-1 receptors where they are phosphorylated by the intrinsic receptor tyrosine kinases to generate SH2-binding sites that mediate recruitment of signaling effectors, in particular PI3K (31) . The mutations identified in PILC are spread throughout the protein and do not occur in any of the canonical SH2-binding motifs or the PH and PTB domains. Although the mutations could effect phosphorylation or PI3K recruitment through indirect structural alterations, we did not detect significant differences in the kinetics or level of tyrosine phosphorylation or recruitment of PI3K between WT-IRS2 or any of the IRS2 mutants (data not shown). These results suggest that the mechanism by which invasion is enhanced is likely independent of this canonical IRS signaling pathway. The fact that IRS1 and IRS2 both activate PI3K but only IRS2 promotes invasion, and that 4 of 5 IRS2 mutations overlap with PIK3CA mutations in PILC tumors, also supports an alternative mechanism of action. A reasonable hypothesis to be tested going forward is that the mutations that facilitate invasion enhance the interaction of IRS2 with novel effector proteins. A better understanding of IRS2 structure will be required to model the S506G, A698T, and S1103L mutations to predict how they positively alter IRS2 function to facilitate invasion.
Our identification of genes and pathways that underlie the unique biology of PILC has implications for the clinical management of these highly invasive and metastatic tumors. Our data confirm that HER2 is frequently mutated in PILC and support previous suggestions that PILC tumors that do not have HER2 amplification should undergo sequencing to identify patients who would be responsive to HER2-targeted therapies (32) . Previous trials of drugs that target IR or IGF1R signaling have led to disappointing results for many different cancers, including breast cancer, and better biomarkers for selecting patients who would be responsive to these agents are needed (33, 34) . IRS2 copy number gains were previously shown to enhance the sensitivity of CRC cells to IR/IGF1R inhibition (35) . Moreover, high IGF1R activity, as defined by an IGF-1 gene expression signature, correlates with sensitivity of triple-negative breast cancer cells to BMS-754807 (36) . Given our finding that targeting the IR/IGF1R pathway inhibits PILC invasion, the mutational status of IRS2 may be exploited to identify PILC patients who are more likely to benefit from drugs that target this pathway to inhibit PILC progression and improve patient outcomes.
Methods
Targeted exome sequencing and analysis. Patient-matched tumor and normal specimens used in this study were obtained from the University of Massachusetts Medical School Pathology archives. H&E-stained paraffin tissue sections were reviewed by a board-certified breast pathologist to confirm a diagnosis of PILC. Samples containing >60% tumor content were selected for the study, and tissue from 9 adjacent slides was macrodissected for analysis. Normal tissue from each subject was also macrodissected.
DNA extraction and targeted exome sequencing were performed by the Beijing Genomics Institute using their TumorCare panel. Qualified genomic DNA samples were randomly fragmented by Covaris, with a fragment size of between 200 to 300 bp. Adapters were then ligated to both ends of the resulting fragments, and purified fragments with insert sizes of approximately 250 bp were selected. The extracted DNA was then amplified by ligation-mediated PCR, purified, and hybridized to Roche NimbleGen SeqCap EZ Exome probes (Roche). The captured libraries of each exome were sequenced on an Illumina Hiseq2000
